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Introduction
The intervertebral disc (IVD) consists of a hydrated gel-like nucleus pulposus (NP), constrained by a collagenous fibrous outer layer, the annulus fibrosus. The NP consists mainly of proteoglycans embedded in a collagen network. The proteoglycans attract water,
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thereby creating a high osmotic environment, which is critical for transmitting loads and allowing flexibility to the spine. The degenerating IVD is characterized by a change of cell phenotype and decreasing number of the resident nucleus pulposus cells (NPCs) 1 , a shift in NP matrix composition where collagen type 2 and proteoglycans are replaced by collagen type 1 2 , and increased production of enzymes degrading the matrix. 3 These changes result in decrease of NP swelling pressure, and compressive loads are increasingly exerted on the annulus, which can eventually cause crack formation and rupture. IVD degeneration is associated with low back pain 4 , and current treatment methods mostly aim to alleviate the pain, but do not address the underlying causes of IVD degeneration.
As degeneration is also characterized by a decreasing cell population, bone marrow stromal cells (BMSCs) have previously been proposed as a potential cell source to restore the IVD. In co-culture with NPCs, BMSCs can acquire a phenotype consistent with that of NPCs. 5, 6 Furthermore, BMSCs transplantation into the IVD has shown to promote matrix synthesis and to delay or arrest degenerative changes, such as decrease in disc height or drop in water content. [7] [8] [9] [10] However, addition of BMSCs did not restore the IVD to a healthy state, indicating that additional, or another type of stimulation is needed.
Alternatively, NP regeneration could also be achieved by stimulation of the remaining NPCs.
Notochordal cells (NCs) are a promising alternative for NPC stimulation. They are presumed remnants of the embryonic notochord. 11 Although their exact role in the postdevelopmental disc is not identified, the observation that early disappearance of these cells in certain species (humans and chondrodystrophic dog breeds) coincides with the onset of IVD degeneration suggests NC involvement in IVD homeostasis. 12 Although species retaining
Page 3 of 25
Tissue Engineering Part A ditioned medium derived from notochordal cell-rich nucleus pulposus tissue stimulates matrix production by canine nucleus pulposus cells and bone marrow derived stromal cells (doi: 10.1089/ten.TEA.2014.03 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
their NC population, e.g. non-chondrodystrophic dog breeds, also develop IVD degeneration, they do so in known isolated locations due to "wear and tear" of the IVD, whereas the majority of their discs remain healthy until the end of life. 13 Some studies have already examined the stimulatory effect of NCs on NPCs. Culturing bovine NPCs in canine NCconditioned medium, produced from NCs in alginate beads, has shown to increase proliferation 14 , proteoglycan synthesis 14, 15 , and enhanced expression of genes associated with the chondrogenic phenotype 16 . Interestingly, porcine conditioned medium from NCs in alginate beads, and from NC-rich NP tissue (NCCM) also directed human BMSCs towards a chondrogenic phenotype and increased BMSC proteoglycan production. 17, 18 For human NPCs, conditioned medium produced from porcine NCs in alginate beads provided a more efficient stimulation than NCCM from NCs maintained within NP tissue. 19 For human BMSCs, however, NCCM produced from porcine NCs in NP tissue resulted in a higher increase in proteoglycan production and enhanced chondrogenic gene expression. 18 Although encouraging for NCCM, it is still possible than some of these effects are partially due to the use of a heterologous experimental design.
In the field of NCs, the use of a canine model offers specific advantages. Nonchondrodystrophic dog breeds retain a healthy NC-rich NP throughout the largest part of their life. Chondrodystrophic breeds, however, lose their NC population and start developing IVD degeneration relatively early in life. 13 These different dog breeds allow us to obtain healthy, NC-rich NP tissue, as well a homogeneous NPC population within the same species, contrary to other models where NCs and NPCs are obtained from different species. In crossspecies models, effects of NCCM may be underestimated, since not all growth factors and cytokines are cross-species efficient. The strength of a homologous model is therefore to This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. Alginate beads where produced according to a previously described protocol. 24 The beads were cultured for 4 weeks at 37°C, 5% CO 2 , and 5% O 2 , in 3 different medium groups for Table 1 . 18S ribosomal RNA (18s) was selected as reference gene
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from 3 tested genes (18S, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
Ribosomal protein S19 (RPS19)) as it was the most stable gene in our experimental conditions. Gene expression was investigated using real time PCR (CFX384, Biorad), and expression is reported according to the 2 -Ct method. 26 The efficiency of each primer was tested for the used experimental conditions (ranging from 92.5% to 102.1%), and Pfaffl's correction was used to correct for differences in primer efficiency.
SPSS 21 (IBM, Armonk, NY, USA) was used for statistical analysis. A Kruskal-Wallis test followed by Mann-Whitney U post-hoc testing with a Bonferroni correction was used.
Significant differences were assumed for p < 0.05.Results
Results

Stimulation of NPCs with NCCM
For one repetition, DNA content at day 0 was far lower compared to other repetitions. For consistency, this repetition was excluded from analysis. Viability staining demonstrated only occasional cell death in all groups at day 0 and day 28 (data not shown). At day 28, DNA content decreased in BM, remained stable in NCCM, and doubled in the TGF group (Fig. 1a) .
GAG content doubled in the NCCM group compared to the BM group, and this was confirmed by Alcian Blue staining with intense staining also in the immediate pericellular area (Fig. 1b) . Addition of TGF caused a further increase in GAG production (Fig. 1a,b) .
Collagen type 1 gene expression was not affected by any of the medium conditions (Fig. 1c) .
After 28 days of culture, collagen type 2 and aggrecan gene expression were increased almost 10-fold with NCCM compared to BM, close to levels found with TGF stimulation at to BM (p = 0.08).
Stimulation of BMSCs with NCCM
In NCCM and BM groups, DNA content decreased compared to day 0, although only significantly in TGF. NCCM, however, did have an effect on GAG content (Fig. 2a) , which increased ca. 40% compared to BM. This was also observed in Alcian blue staining (Fig. 2b ).
TGF had, in contrast with NPCs, no stimulatory effect on BMSCs, i.e. GAG per bead content did not increase compared to BM. Collagen type 1 and versican gene expression slightly decreased, whereas collagen type 2, aggrecan and SOX9 increased, with no significant differences between medium conditions. ADAMTS5 remained stable in BM and NCCM, but significantly increased with TGF. No differences between medium conditions on MMP13 gene expression were observed.
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Stimulation of NPCs with combined NCCM and BMSCs
For NPCs+BMSCs in BM and NCCM, DNA content decreased significantly compared to day 0, to amounts similar to NPCs alone. Addition of BMSCs to NPCs did not alter GAG production, but combined with NCCM the GAG content significantly increased compared to NPCs in BM (Fig. 3a) . These results were confirmed by Alcian blue staining within intense staining in the immediate pericellular area and more diffuse blue staining in the alginate bead (Fig. 3b) .
Addition of BMSCs to NPCs, with or without NCCM, resulted in a significant decrease of collagen type 1 and versican gene expression compared to NPCs alone in BM (Fig. 3c) . found. This effect was also found at the gene level. In the current study, the fact that aggrecan and collagen type 2 increased while ADAMTS5 gene expression decreased, and MMP13 tended to decrease compared to BM, suggests that NCCM displays an anabolic, as well as an anti-catabolic effect on NPCs. After 28 days of culture, collagen type 2 and aggrecan gene expression levels of NPCs in NCCM approach the levels found with TGF-β1 stimulation. Expression levels of SOX9, associated with a healthy NP phenotype 27 , and versican are even higher with NCCM than with TGF-β1, indicating that NCCM may provide a more specific type of stimulation than TGF-β1. However, since far more proteoglycans were produced with TGF-β1 stimulation, it seems plausible that expression levels of anabolic genes peaked at some point before the end of the culture period, when the gene expression was evaluated.
For BMSCs, a mixed model has been used in which human BMSC pellets were formed in the presence or absence of TGF-β3 during the first day of culture and followed by assessment of the effects of bovine NCCM on the chondrogenically induced BMSCs. These studies reported improvement of proteoglycan production 17, 18 and expression of collagen type 2 and SOX9 only in the presence of TGF-β3 18 with NCCM. In the current study however, the drop in DNA Tissue Engineering Part A ditioned medium derived from notochordal cell-rich nucleus pulposus tissue stimulates matrix production by canine nucleus pulposus cells and bone marrow derived stromal cells (doi: 10.1089/ten.TEA.2014.03 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
content in every medium group (although only significant with TGF-β1) indicates that BMSCs did not thrive, possibly due to sub-optimal culture conditions, such as the alginate bead culture method, hypoxia 28 or the absence of chondrogenic medium during the first day of culture. Still, stimulation of BMSCs with NCCM resulted in increased proteoglycan production, in line with the previous mixed model studies. Although collagen type 2, aggrecan, and SOX9 gene expression increased compared to day 0, indicating BMSC differentiation, no differences were observed between medium conditions. As opposed to NPCs, BMSCs did not respond to addition of TGF-β1. This may be because in this study only TGF-β1 was added, without other commonly used additives to induce chondrogenesis of BMSCs, such as dexamethasone. NPCs do respond to the presence of NCCM, while BMSCs that were not pretreated with TGF-β to induce chondrogenic differentiation, were less responsive. Based on these observations and given the distinct effects of NCCM on pretreated BMSCs as reported by Purmessur 18 , we suggest that NCCM may have its regenerative effects mainly on cells within the chondrogenic lineage rather than on undifferentiated BMSCs.
Previous studies reported that in in vivo animal models with induced IVD degeneration, injection of BMSCs delayed or arrested degenerative changes such as the decreasing disc height index or the drop in water content. [7] [8] [9] [10] BMSCs can have a stimulatory effect in two ways. First, under proper conditions, BMSCs can differentiate towards an NPC-like phenotype, after which they start producing proteoglycan themselves. 6, [29] [30] [31] Second, BMSCs can provide a stimulatory effect on NPC proliferation and proteoglycan production. 6, 32 Although in the current study, addition of BMSCs to NPCs in BM as well as in NCCM, did not lead to an increased proteoglycan content, it did increase gene expression levels of collagen NPCs in NCCM). These may be trophic effects of the BMSCs on the NPCs, which were also observed in co-cultures of BMSCs with articular chondrocytes. 33, 34 These and other studies 35, 36 reported that in co-culture, the minority of the BMSCs differentiated, whereas the remaining BMSCs underwent apoptosis. This is in line with the drop in DNA content in the BMSC mono-culture and NPC-BMSC co-culture in the current study. Although in the coculture twice more cells were initially present compared to the mono-cultures, it is unlikely that the drop in DNA content in the co-culture is caused by a nutrient deficiency, since DNA content for NPCs in positive control medium reached levels similar to that of the initial DNA content in the co-culture group, without any indication of cell death after 28 days of culture. This would not have been possible without enough nutrients to support this growth.
Although GAG content did not increase, BMSCs may still exert a stimulatory effect on NPCs.
With optimized BMSC culture conditions, their addition to NPCs may also result in increased matrix production, and therefore also a synergistic effect of NCCM and BMSCs cannot yet be excluded.
TGF-β1 provided a stronger stimulation to NPCs than NCCM, with substantially more proteoglycan production and expression of collagen type 2 and stronger inhibition of catabolic genes (ADAMTS5 and MMP13). Compared to TGF-β1, the effect of NCCM may seem inconsequential. However, the concentration of TGF-β1 used in the current study is far higher than physiological concentrations, and the unknown concentration of bioactive factors in NCCM may be orders of magnitude lower. Since production of NCCM for IVD regeneration purposes would require a large amount of NC-rich NP tissue, a more efficient Given that DMMB measurements showed that a substantial amount of GAGs was present in NCCM, we questioned whether this finding may have confounded the study results. These
GAGs are likely to have had a minimal effect on determining the GAG content of the alginate beads. Firstly, alginate beads were washed with phosphate buffered saline before the digestion and subsequent DMMB measurements, to ensure that loose GAGs from the NCCM were removed. Secondly, if GAGs would have adhered to the beads, even with washing, we would have expected to see a dense blue ring around the beads with the Alcian blue staining, which was not the case. Finally we observed from the Alcian blue staining that the most intense blue staining (i.e. the highest GAG density) was located mainly pericellularly and in the areas with the highest cell density, gradually decreasing towards areas with a lower cell density. This finding indicates that the GAGs have actually been formed by the cells themselves and deposited in their pericellular matrix, rather than being deposited from the NCCM. Altogether, we therefore believe that the GAGs in NCCM had a negligible effect on the DMMB measurements in this study.
In conclusion, the current results show that in a canine model, NCCM stimulates NPC proliferation, GAG production, and expression of genes associated with a healthy NP phenotype. Although BMSCs also responded with increased GAG production, they appear less sensitive to NCCM-stimulation than NPCs, indicating that BMSCs may need special conditions to enable them to respond optimally to NCCM stimulation. No effect of addition of BMSCs to NPCs was observed, possibly due to culture conditions that did not allow the BMSCs to thrive. Therefore we cannot conclude on the stimulatory effect of BMSC on NPCs.
Nonetheless, the use of NC-secreted factors as a therapeutic approach for IVD regeneration, even with the addition of BMSCs, seems promising, and identification of the bioactive factors in NCCM would be helpful to further develop this approach.
